Reliable and direct monitoring of in situ denitrification N loss will aid understanding of the N cycle and development of efficient agricultural management systems. The objective of this research was to evaluate four approaches for measuring denitrification in the field. A method using coated CaC 2 as a source of acetylene (C 2 H 2 ) to block N 2 O reduction was compared with two existing C 2 Hj methods and a 15 N method. Use of CaC 2 granules in soil around gas-measuring chambers produced soil atmospheric C 2 H 2 concentrations comparable to those observed with continuous C 2 H 2 flow through diffusion tubes, which were sufficient to inhibit N 2 O reduction for a 48-h period. Acetylene concentrations in the soil atmosphere exceeded 1.0 mL L ' and completely inhibited the reduction of N 2 O to N 2 , giving N 2 O-N recoveries of 105 + 7% of total denitrification. Daily denitrification rates (two gas samplings each day) and total N emissions over 4 d were comparable for * 5 N chamber, C 2 H 2 -inhibition chamber, and CaC 2 -C 2 H 2 -inhibition chamber methods but were fiveto sevenfold higher for the C 2 H 2 inhibition method using intact soil cores. Where N-gas flux was measured four times daily in chambers and intact soil cores, denitrification rates were associated with daily changes in soil temperature and decreases in soil water-filled pore space (WFPS) in chamber soils due to evaporation/percolation. Either of three chamber methods may be used for measuring field denitrification, provided daily variation in gas-N flux is considered in choosing sampling times. To avoid overestimation of denitrification using the acetylene-inhibition soil-core method, fresh intact soil cores should be taken daily to simulate field soil physical conditions, especially soil WFPS.
D
ENITRIFICATION is an important mechanism of soil N loss that affects both agricultural resourceuse efficiency and environmental pollution (Firestone, 1982; Aulakh et al, 1991) . Measurement of denitrification loss of native soil N and applied fertilizer N from agricultural systems is often missing from Ncycling studies because of difficulty in quantifying losses. Development of techniques to measure denitrification under field conditions has intensified during the last two decades. Improvement in field methodology for measuring denitrification would enhance our un-M.S. Aulakh, Dep. of Soils, Punjab Agricultural Univ., Ludhiana, Punjab, India 141004; J.W. Doran, USDA-ARS, 119 Keim Hall, Univ. of Nebraska, Lincoln, NE 68583; and A.R. Mosier, USDA-ARS, Ft. Collins, CO 80522. Published as Paper no. 9548, Journal Series, Nebraska Agric. Res. Div., Lincoln, NE. Received 9 Nov. 1990 . 'Corresponding author.
Published in Soil Sci. Soc. Am. J. 55:1332 Am. J. 55: -1338 Am. J. 55: (1991 derstanding of this complex biological process under different cropping and tillage management systems. In situ measurement of denitrification would help to expand current knowledge of denitrification in agricultural and natural ecosystems, isolate factors in agricultural and nonagricultural ecosystems that can minimize this loss of N, and aid in the development of N-efficient management practices. Various methods proposed to date for direct in-field measurement of denitrification are:
1. Nitrogen-15 chamber method-where highly enriched fertilizer N is applied in small chambers (confined microplots) and 15 N gas (N 2 O and N 2 ) fluxes are measured by isotope-ratio MS (Siegel et al., 1982; Mulvaney and Kurtz, 1982; Mulvaney and Boast, 1986; Mosier et al., 1986a) . 2. Acetylene-inhibition chamber (Al chamber) method-C 2 H 2 is introduced into the soil through gas-diffusion probes and N 2 O flux is measured from periodically closed or static diffusion-flux chambers (Ryden et al., 1979; McConnaughey and Duxbury, 1986; Mosier et al., 1986b) . 3. Acetylene-inhibition soil-core (Al soil-core) method-intact soil cores are periodically taken from the field, sealed in containers with 100 mL C 2 H 2 Lr 1 and N 2 O emission in the headspace is measured periodically (Aulakh et al., 1982; Parkin et al., 1985; Ryden et al., 1987) . Since the 15 N chamber method involves the use of a highly enriched 15 N fertilizer source and MS, the scope of its use is limited by high costs and availability of an isotope-ratio mass spectrometer. Use of C 2 H 2 to inhibit the reduction of N 2 O to N 2 (Al), and subsequent measurement of N 2 O using GC seems a more economical and practical technique. In a few field studies, some of these techniques have been compared (Tiedje et al., 1989) . Ryden et al. (1979) compared Al chamber and 15 N chamber methods and found them in good agreement. They used closed chambers for which the headspace was continuously flushed with atmospheric air, and the enrichment of air with N 2 and N 2 O with time was measured. Later, Mosier et al. (1986b) , using open chambers (periodically covered), also obtained comparable results between Al chamber Abbreviations: WFPS, water-filled pore space; Al, acetylene inhibition; CC-AI, calcium carbide-acetylene inhibition; GC, gas chromatography; MS, mass spectrometry. and 15 N chamber techniques. Aulakh et al. (1983 Aulakh et al. ( , 1984 and Parkin et al. (1985) obtained a good agreement between cumulative denitrification losses measured with the Al soil-core technique and the amount of unaccounted N in a 15 N balance prepared for the same sites. Ryden et al. (1987) obtained a close agreement between the Al intact soil-core method and the Al chamber (closed-type) method. However, no study has compared the Al soil-core and 15 N or Al chamber methods. Results may vary between these methods, as some disturbance may occur while taking intact soil cores and, since intact soil cores are incubated in sealed jars, water loss due to percolation and evaporation is prevented, compared with soil water loss from open chambers. These differences could alter the aeration status and diffusion flux of gases in and out of the soil, especially with prolonged incubations; consequently, the measured rates of denitrification may vary considerably. Thus, it is desirable to verify the accuracy of denitrification measurement by comparing results of the Al soil-core method and other field methods.
Recently, coated CaC 2 has been used as a source of C 2 H 2 to inhibit nitrification in soil (Banerjee and Mosier, 1989; Mohanty and Mosier, 1990) . When CaC 2 is placed in moist soil, it quickly produces C 2 H 2 . Acetylene blocks the deduction of N 2 O to N 2 during denitrification when its concentration in the soil atmosphere exceeds about 1 mL Lr 1 (Yoshinari et al., 1977; Ryden et al., 1979; Germon, 1980) . Use of coated CaC 2 granules would eliminate the labor and equipment required to maintain C 2 H 2 flow into the soil with diffusion probes and provide a more manageable technique for measuring in-field denitrification.
The objectives of this study were to design and test a method of direct field measurement of denitrification using CaC 2 and to evaluate the relative performance, sensitivity, and reliability of four methods for measuring denitrification under field conditions.
MATERIALS AND METHODS
Three field experiments were conducted on a Crete-Butler silty clay loam (fine, montmorillpnitic, mesic Pachic Argiustoll-Abruptic Argiaquoll) at Lincoln, NE. Some important soil characteristics are given in Table 1 . Slope at the experimental area was <2%, and the field was not cultivated during Exp. 1 and 2 to resemble no-tillage management. Before the third experiment, the field was disked and planted with sorghum (Sorghum bicolor [L.] Moench) in early June and denitrification measurements were made in the interrow wheel-track area in mid-August (after harvesting the crop).
Experiment One
This experiment was conducted over 4 d (9-13 Apr. 1990) to design and test a CC-AI chamber method and to assess C 2 H 2 concentrations in and flux from soil following introduction of CaC 2 into soil, compared with C 2 H 2 introduced with metal diffusion probes. The two treatments (CC-AI chamber and Al chamber methods) were replicated four times in a randomized complete-block design. To reduce spacial variability of denitrification measurements, the chambers were positioned such that all treatments within each replicate were located between crop rows in wheel-track or non-wheel-track areas of the field. Individual plots (75 by 75 cm) were flagged, leaving a buffer zone of 75 by 90 cm between plots. In the center of each plot, chambers consisting of a cylinder (15-cm diam. by 15 cm tall) and a removable vented cover (Hutchinson and Mosier, 1981) were driven 5 cm into fallow soil. Coated CaC 2 granules were prepared by melting paraffin (0.05 kg CaC 2 kg-') and mixing it thoroughly with CaC 2 (1-2-mm particle size) until cool as described by Banerjee and Mosier (1989) . Coating of CaC 2 helps slow its reaction with water and extends production of C 2 H 2 for a longer time. Also, coated CaC 2 can be more easily handled and inserted into the soil. Based on preliminary tests (A.R. Mosier, 1990, personal communication) , 3 g of coated CaC 2 was inserted at 10 and 20 cm below the soil surface in each of four holes (2-cm o.d. by 20 cm deep) cored 2.5 cm to the outside of each chamber wall. After adding CaC 2 at each depth, the holes were plugged with soil.
For the Al chamber method, 30-cm-long gas-diffusion probes were constructed from Al pipe (0.4-cm o.d.), the lower end of which was plugged. Holes (0.2 cm) were drilled at 4-cm intervals on one side of the lower 20-cm length of each probe. Four holes (2-cm o.d. by 25 cm deep) were cored around each chamber as described above for. the CC-AI method. A diffusion probe was inserted in each hole such that the drilled holes were facing toward the sampling-chamber cylinder and the hole was sealed at the soil surface with a rubber septum through which the probe passed and around which soil was firmly packed. Four diffusion probes per chamber were connected in a ring using latex tubing (0.6-cm o.d.); the probes around each chamber were connected to a polyvinyl chloride (PVC) distribution manifold (5-cm o.d. by 150 cm long), which had five evenly spaced nozzles for delivery of welding-grade C 2 H 2 , which was prescrubbed through 1.5 M H 2 SO 4 and distilled H 2 O to remove acetone. McConnaughey and Duxbury (1986) reported a flow rate of 0.33 mL C 2 H 2 s-' as being adequate for inhibiting N 2 O reduction in the field. We introduced C 2 H 2 into the manifold system at the rate of 0.67 mL s' 1 for the initial 2 h and 0.37 mL s~' for the remaining period of study.
To sample the soil atmosphere, diffusion probes were prepared and installed similar to those discussed above for C 2 H 2 delivery, except that they varied in length and had holes drilled in line at 0.5-cm intervals, spaced at 90° intervals around the probe circumference, in 4-cm sections near the end of each probe. A septum was installed at the top of each probe to allow gas sampling by syringe. In each plot, four probes were installed, one each at 4-and 15-cm soil depths inside each chamber and one each at 15-cm soil depth and 30 cm away from the chamber wall in the north and south corners of each microplot. Gas flux from the soil surface was also determined by sampling the headspace air of vented chambers, which were kept covered during periods of sampling. Periodically, duplicate 1-mL gas samples were collected by syringe and were analyzed within 1 to 2 h for C 2 H 2 by GC (Aulakh and Doran, 1991).
Experiment Two
A second field experiment was conducted (21-25 May 1990) to evaluate four methods ( 15 N chamber, AI chamber, CC-AI chamber, and AI soil core) for measuring denitrincation. These four methods were replicated five times in a randomized complete-block design. The experimental details were similar to those above for Exp. 1, with a few exceptions. Coated CaC 2 was inserted at the start of the experiment and again after 2 d. At the start of the experiment, 50 kg N ha-1 as 76.7 atom % 15 N enriched KNO 3 , and 150 kg C ha-' as glucose were added in solution (2.5-cm irrigation) onto the soil surface within 20 chambers (four treatments X five replicates). Soils were amended with glucose and NO 3 to reduce the spatial variability of these determinants of denitrification and permit better comparison of methods. Three hours later, one soil core (6.6-cm diam. by 7.5 cm deep) was taken by pushing stainless steel cans into the soil of each of five plots (confined inside chambers) for the AI soil-core treatment. Each soil core was then placed in a 1.9-L glass jar sealed with a screw lid in which a septum was fitted for gas sampling. Acetylene (100 mL Lr 1 ) was added, and each jar was buried in the soil of the plot from which it was taken. To prevent rainwater from entering the chambers, all plots were kept loosely covered by plastic sheets. Air and soil (0-7.5 cm) temperatures were measured during the study period using bimetal Min./Max. dial thermometers.
For the three treatments using chambers, a vented cover was placed on each cylinder for 2 h two times (0800-1000 and 1400-1600 h) each day. Duplicate 13-mL gas samples from each chamber's headspace were drawn at 0, 1, and 2 h with a 20-mL syringe and transferred to Vacutainers for storage until analysis. In the case of the AI soil-core treatment, gas samples of each jar's headspace were taken at 0 and 24 h after which, each time the jars were flushed with compressed air, 100 mL C 2 H 2 L" 1 was added and the jars were resealed. One set of gas samples was used for N 2 O, C 2 H 2 , and CO 2 analysis by gas chromotagraphy (Aulakh and Doran, 1991) and another for 15 N (N 2 O + N 2 ) by triplecollector mass spectrometry (Mosier et al., 1986a; Mulvaney and Boast, 1986) . Fluxes of N 2 O, N 2 , and CO 2 from soil were calculated as described by Hutchinson and Mosier (1981) . The data were corrected for the solubility of N 2 O and CO 2 in soil water as described by Moraghan and Buresh (1977) .
At the end of the experiment (4 d), soil in the chambers was sampled by pushing chamber cylinders to a 15-cm soil depth and then sectioning the contained soil core into surface (0-7.5 cm) and subsurface (7.5-15 cm) samples. Soils were air dried, passed through a 2-mm sieve, and 10-g subsamples were extracted with 1 M KC1 (30-min shaking) followed by filtration and determination of NO 3 -and NH 4 -N by automated colorimetric analysis using Cd reduction and indophenol blue (Keeney and Nelson, 1982) .
Experiment Three
To discover possible reasons for significantly different denitrification rates between the AI soil-core method and the three chamber methods, a third field experiment was conducted on 14-16 Aug. 1990. Three treatments (CC-AI chamber, AI initial soil core, AI 1-d soil core) were replicated four times in randomized complete-block design. All experimental details were similar to those stated for Exp. 2 with a few exceptions. At the start of the experiment, 100 kg N ha-1 as KNO 3 along with 150 kg C ha~' as glucose was added in solution onto the surface of the soil confined within all 12 chambers. Acetylene-saturated irrigation water (2.5 cm) was used to ensure immediate blockage of N 2 O reduction (Terry et al., 1986) . Three hours later, a soil core (initial core) was taken and sealed with C 2 H 2 (100 mL L-') in a glass jar. After 1 d, a second soil core was taken and sealed with C 2 H 2 in a jar.
Gas samples were collected four times each day during 1200 to 1300, 1800 to 1900, 2400 to 0100, and 0600 to 0700 h by covering each chamber with a lid for 1 h and sampling the chamber's headspace at 0, 30, and 60 min with a 1-mL syringe. Simultaneously, gas samples were collected from jars containing soil cores sampled initially and 1 d after treatment; however, the jars containing soil cores were flushed only after 24 h. Gas samples were transported within 1 to 2 h to the laboratory for analysis of N 2 O by GC.
To measure changes in Wlr-PS, soil samples from 0-to 7.5-and 7.5-to 15.0-cm soil layers were collected at the beginning of the experiment (3 h after irrigating) and after 1 and 2 d from the plots (inside chambers) used for initial and 1-d soil cores and CC-AI chamber, respectively. Water-filled pore space, synonymous with relative saturation, has been shown to be a good index of soil aeration and predictor of O 2 -dependent biological processes, including denitrification, in soils of varying texture ami bulk densities (Doran et al., 1990) .
RESULTS AND DISCUSSION

Methods of Supplying Acetylene
Acetylene measurements in the soil atmosphere for Exp. 1 are summarized in Table 2 . Within 2 h after the insertion of coated CaC 2 granules into the soil, the concentrations of C 2 H 2 a.t various soil depths inside the chamber ranged from 2 to 5 mL L"
1
. Acetylene concentration at a 15-cm soil depth 30 cm away from the chamber wall was 1 mL L" 1 after 4 h and remained at this level through 48 h. Acetylene concentrations in soil within chambers ranged from 15 to 44 mL L" 1 at 24 h. Thereafter, concentrations decreased but were still within the range of 0.6 to 4 mL L" 1 at 48 h. After 3 and 4 d, C 2 H 2 concentrations in CaC 2 -amended soil were below the detectable level of 0.5 mL L" 1 in soil is sufficient to block reduction of N 2 O te> N 2 . During our experiment, C 2 H 2 concentrations in the soil inside the chamber were well above this level for 48 h at a water content of 0.25 kg kg" 1 , which is equivalent to 0.42 mL mL" 1 WFPS. The concentration of C 2 H 2 would be expected to increase with further increase in soil water, due to a reduction in its diffusive loss from the soil surface (McConnaughy and Duxbury, 1986 ). These results demonstrate that C 2 H 2 movement in the soil atmosphere is relatively rapid and insertion of coated CaC 2 at soil depths of 10 and 20 cm will generate sufficient C 2 H 2 for a period of at least 48 h.
Where C 2 H 2 was supplied from a tank through diffusion probes, sufficient concentrations of C 2 H 2 to inhibit N 2 O reduction to N 2 were observed in the soil atmosphere inside the chamber within 2 h after initiating flow of C 2 H 2 (Table 2) . With a flow rate of 0.37 mL s" 1 , the C 2 H 2 concentrations at all depths inside the chambers during the initial 24-h period ranged from 10.7 to 38.5 mL L" 1 . Acetylene concentrations at a 15-cm soil depth at a di stance of 30 cm outside the chamber wall ranged from < 0.5 to 10.5 mL L" 1 at the same time. These results confirm the observations of McConnaughy and Duxbury (1986) that introduction of C 2 H 2 into soil through diffusion probes at a rate of 0.33 to 0.37 mL s" 1 is sufficient to achieve the desired Effectiveness of Acetylene Inhibition Experiment 2 was conducted to evaluate the relative merits of GC vs. MS for analysis of denitrification gases, to determine the effectiveness of acetylene inhibition, and to compare four methods of measuring denitrification. Soil was amended with glucose and NO 3 to reduce spacial variability of denitrification and permit better comparison of methods.
Treatment of all plots with 76.7 atom % 15 N KNO 3 made it possible to analyze gas samples by MS (Siegel et al, 1982; Mosier et al., 1986a) . To eliminate problems of spatial variability in comparing different methods of measuring denitrification, gas samples collected from each plot were analyzed by both MS and GC. In soils not treated with C 2 H 2 ( 15 N chamber method) total N 2 O emission (measured with GC) over the 4-d period was only 45% of total denitrification (N 2 O + N 2 ) measured with MS (Table 3) . When soil was treated with C 2 H 2 (Al chamber, CC-AI chamber, and Al soilcore methods), N 2 O-N accounted for 96 to 110% (mean of 105 ± 7%) of the gases evolved, indicating that C 2 H 2 completely blocked the reduction of N 2 O to N 2 . These results also revealed that the presence of C 2 H 2 did not affect the rate of denitrification (Table  3) . Comparable NO 3 -N contents in 15 N chamber vs. Al chamber and CC-AI chamber soils (Table 4) further indicates no effect of C 2 H 2 on NO 3 reduction. The findings that C 2 H 2 did not enhance denitrification and NO 3 reduction are in contrast to the earlier findings of Topp and Germon (1986) and Haider et al. (1983) . The laboratory study of Haider et al. (1983) showed that the presence of C 2 H 2 increased NO 3 reduction and N 2 + N 2 O production by about 30%. In a laboratory study, Topp and German (1986) observed stimulated CO 2 and denitrification due to C 2 H 2 metabolism in static and agitated soil slurries after 4 to 8 d of continuous exposure to C 2 H 2 .
Comparison of GC and MS data (Table 3) for C 2 H 2 -treated soils shows that there were no significant differences (P > 0.05) between these two analytical tech-niques in measurement of gaseous N loss. Similarly, the CO 2 -production rate was unaffected by the presence of C 2 H 2 (Fig. 1) . Production of CO 2 was similar in 15 N chamber, AI chamber, or CC-AI chamber treatments. These data further demonstrate that there was no effect of C 2 H 2 on soil microbial activity as assessed by soil respiration. These results support the use of either technique to analyze N gases evolved from soils during denitrification.
Gas Flux and Evaluation of Methods
The daily average gaseous-N flux measured by four different methods in Exp. 2 is shown in Fig. 2 . Daily denitrification rates measured with the AI soil-core method ranged from 168 to 327 g N ha* 1 d" 1 , which was considerably greater than the 25 to 80 g N ha" Time Period, d Fig. 1 . Production of CO 2 -C from the Crete-Butler soil for four methods of measuring denitrification, three involving use of acetylene inhibition (AI) and one using IS N without acetylene ( I5 N chamber). Calcium carbide (CC) was used to produce acetylene in one method. low denitrification rates measured in this study apparently resulted from lew soil WFPS (0.62-0.65 mL mL" 1 ) and low soil (10-17 °C) and air temperatures (6-17 °C). Soil NO 3 or C levels probably did not limit denitrification because, 4 d after adding 50 kg NO 3 -N and 150 kg C ha-1 , soil NO 3 -N levels were 20 to 31 and 6 to 9 kg ha" 1 for surface and subsurface soils, respectively (Table 4) and soil respiration, an indication of available C, exceeded ;> kg C ha" 1 d" 1 on Day 4 (Fig.  1) . Denitrification rates of 1790 to 2080 g N ha"
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1 d" 1 were measured in August, during Exp. 3 (Table 5) , when soil WFPS (0.82 mL mL/ [ ) and soil temperatures (20-28 °C) were more optimal for denitrification.
The total denitrification losses of gaseous N (N 2 O + N 2 ) as measured by three chamber methods in Exp. 2 (Table 3) did not differ significantly (P > 0.05). Also, the rate and extent of CO 2 production was similar for the three chamber techniques (Fig. 1) . Thus the use of CaC 2 (CC-AI chamber), a more easily manageable technique, is as good for measuring denitrification in soils as the chamber methods employing 15 N or AI using gas-diffusion probes to deliver C 2 H 2 .
Daily gaseous-N flux rate ( Fig. 2) and total denitrification losses were, however, five-to sevenfold higher by the AI soil-core method, than with chamber techniques. Significantly lower NO 3 -N contents of soil (0-7.5 cm) in AI soil cores than in chamber plots observed at the end of the study (Table 4) further implied more N loss from the AI soil cores. The significantly different denitrification N losses measured with AI soil core compared with chamber methods could result from maintenance of higher soil water content with time, increased bulk density in soil cores, or the failure to contain and measure gaseous-N loss during periods of highest N-flux rate in chambers.
A higher degree of water saturation and, hence, altered soil-aeration status in soil cores may result from increased soil bulk density or reduced evaporation. 
1842a ("0) 1657b (40) 2083a (48) 1743b ( Average soil bulk density (0-7.5 cm) measured at the end of Exp. 2 was 1.08 ± 0.08 Mg nr 3 in soil cores and 1.05 ± 0.12 Mg irr 3 in chambers, thus it is unlikely that greater compaction from taking cores increased denitrification. Soil water in soil cores that were kept in sealed jars during the study period, however, was presumably higher than that in open chambers where the soil was subject to water loss through evaporation and percolation. Because chamber headspace was sampled only twice daily (0800-1000 and 1400-1600 h), the highest daily N-gas flux rates in chambers might have been missed.
To verify reasons for differences in denitrification measurements between the chamber and soil-core methods, we conducted the third experiment, where N-gas flux measurements were taken four times each day (6-h intervals) to follow changes in denitrification, which may fluctuate daily. As shown in Fig. 3 , daily changes in denitrification coincided with daily fluctuations in temperature but were out of phase by 1 to 2 h. Maximum denitrification rates were measured at 1600 to 1700 h and minimum rates at 0600 to 0700 h. Daily variation in gas-N fluxes correlated well with soil temperature (r = 0.78, P = 0.01). These results further confirm the suggestion by Blackmer et al. (1982) and Mosier (1989) that accurate measurement of daily denitrification N loss using chambers requires frequent measurement of N flux. These results also indicate a consistent lag period between soil temperature and denitrifying activity.
Differences in soil water status between soil cores
and soil in open chambers also resulted in different measured rates of denitrification. Although the initial soil cores (taken from the field on the first day) and 1-d soil cores were kept sealed for a 24-h period, denitrification rates in these intact cores were measured four times each day simultaneously with chamber soils (Table 5) . Gas-N fluxes on the first day in chambers and initial soil cores did not differ statistically (P > 0.05). On the second day, the N-flux rate in chambers was 18 to 25% (average 20%) lower than that in initial soil cores but was equal to that in soil cores taken after. 1 d. At the beginning of the experiment, 3 h after irrigating when initial soil cores were taken from the field and gas-N-flux measurement initiated, the water content of the surface soil was 0.82 mL mLr 1 WFPS in both chambers and initial soil cores. Evaporation of water and its percolation to lower soil layers with time decreased the WFPS in chamber soils to 0.78 mL mL-1 after 1 d and 0.76 mL mL-1 after 2 d. The decreased WFPS and associated increased soil-aeration status (Doran et al. 1990 ) probably resulted in a decreased denitrification rate in chambers, compared with soil cores. The influence of varied WFPS on denitrification was further confirmed by the fact that the denitrification rate in chambers was comparable to that in 1-d soil cores, which were taken on Day 2 and had a soil WFPS equal to that in the chambers. It is also interesting to note that N-flux rate in chambers toward the end of the first 24-h period was less than that in soil cores on either day.
These results demonstrate that the maintenance of higher water content in intact soil cores incubated in sealed containers for longer than 1 d can result in erroneously high rates of denitrification, compared with measurements from open chambers in which soil becomes drier and more aerobic with time. However, with open chambers that are periodically covered for measurement, the daily denitrification flux can be easily underestimated if the gas-sampling times do not coincide with periods of maximum flux. With the above precautions, any of the three chamber methods or Al soil-core method could be used for measuring field denitrification, as the relative differences between methods were small compared with the spatial variability commonly observed for gaseous-N emissions in the field. Among the three chamber methods, the CC-AI method is relatively quick and easy to perform and less expensive, and suitable instrumentation is generally found in most laboratories. This method can be easily adapted for long-term denitrification studies with few precautions. For instance, CaC 2 granules can be inserted after each 2-d period for C 2 H 2 production. Because CaC 2 granules are inserted outside the chambers, production of CA(OH) 2 and resultant increased soil pH, if any, may not affect the denitrification and other biochemical processes in the experimental plot. The problem of C 2 H 2 decomposition/metabolism in soils due to prolonged incubation (> 7 d) can be overcome by intermittent exposure of soil to C 2 H 2 or by rotating field plots (Terry et al., 1986) .
In using the Al soil-core method, incubations should not be conducted for longer than 1 d. It should be noted that data obtained in our study relates to situations where NO 3 and C in surface soil do not limit denitrification, as both were applied at the start of each experiment. Because most of the added C and NO 3 resided in the surface 0 to 7.5 cm, a good correlation was obtained between rates of denitrification for in situ chambers and intact cores taken from the surface 0 to 7.5 cm of soil (r = 0.97, P = 0.01). If significant amounts of NO 3 and available C were present at greater soil depths, a commensurate increase in the depth to which soil cores were removed would be required to achieve a reliable estimate of total denitrification loss via denitrification. Assessment of the appropriate sampling depth is, therefore, required before the Al soil-core method can be reliably used to estimate total denitrification in the field.
